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Lecture 1: Nuclear Forces

> Introduction
> The microscopic model of nuclear theory

> The nucleon-nucleon scattering problem
»Phenomenological approach
- Empirical features of nuclear forces

> Chiral effective filed theory approach



The big questions In NP

1. How did the universe come to be and how does it evolve?
2. How does subatomic matter organize itself and what phenomena emerge?

3. Are the fundamental interactions that are basic to the structure of matter fully
understood?

4. How can the knowledge and technological progress provided by nuclear physics
best be used to benefit society?

These are very broad and deep questions, and the challenges they
pose provoke intriguing opportunities for the next decades to come!




® Hot QCD (relativistic heavy ions): examines the
primordial form of matter existed in the universe shortly
after the Big Bang

® Cold QCD (hadron structure): explores the characteristics
of the strong force by which the quarks and gluons interact
and resulting properties of the nucleons

Interface between Physics of Hadrons
and Physics of Nuclei

® Nuclear structure and reactions: trying to build a coherent

framework for explaining all properties of nuclei and
nuclear matter and how they interact

® Nuclear astrophysics: explores those events and objects
in the universe shaped by nuclei and nuclear reactions

® Fundamental symmetries: providing some
understandings upon which a new, more comprehensive
Standard Model will be built

Physics of Hadrons
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ATLAS (ANL): superconducting linear
accelerator focusing on atomic nuclei near
and far from stability, nuclear astrophysics,

FRIB (MSU): scientific user facility
for nuclear science access a wide
range of nuclei far from stability

RHIC (BNL): heavy ion collider to
explore matter at extreme temperature
and densities
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CEBAF (JLAB): Continuous Electron Beam
Accelerator Facility focusing on electron-
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Nuclear astrophysics: JINA (Michigan State
University, Notre Dame University, UChicago)

Majorana(Sanford,SD): ton-scale
detector for search of neutrino less
double beta decay

DUNE (Fermilab): is an experiment
under construction that will focus

Nuclear Structure and astrophysics: ARUNA on neutrinos physics

(Florida State U., Notre Dame U., Texas A&M, The
Triangle Universities Nuclear Laboratory, Ohio U.,
Kentucky U., U. Washington)

Sanford Underground
Researc h Facility




Physics of atomic nuclel

¢ ® Atomic nuclei: complex quantum many-body systems of strongly
s interacting fermions (nucleons: p and n) displaying interesting properties.

® Their structure and scattering by electron and neutrinos are the main
focus of NP and HEP in domestic and worldwide research programs.
. _ ® |t is important for nuclear theory to guide and support such
= experimental activities, ultimately connecting low-energy nuclear
properties with qguantum chromodynamics (QCD).
® QCD is the underlying theory of the strong interaction but nucleons are
the relevant degree of freedom for the low-energy nuclear physics that

leads to the idea of effect

ve potential.

Question: where does the nuclear force which binds nucleons together gets its main
characteristics, and how it is rooted in the fundamental theory of strong interactions?



person

humankind

What Holds
the Nucleus Together?

Electrical forces bind the electron to the atom, but they cause

nuclear particles to fly apart. The powerful cohesion of protons

and neutrons must be explained by a wholly different phenomenon

dinger deals with the basic nature

of matter (does it consist of particles
or waves?) and touches on some of the
questions about its construction. My as-
signment is to discuss what is by all
odds the most mystifying of these ques-
tions: What holds the nucleus of the
atom together? In the past quarter cen-
tury physicists have devoted a huge
amount of experimentation and mental

In the preceding article Erwin Schro-

labor to this problem—probably more
an-hours than have been given to any
other scientific question in the history
tkind. The problem is not onl

by Hans A. Bethe
September 1953

tion. It is constructed of a heavy, posi-
tively charged nucleus surrounded by
a “planetary system” of light, negatively
charged electrons. The forces that gov-
ern the behavior of the electrons are
thoroughly tamiliar: they are the forces
of electric attraction and repulsion. To
describe the motions of the electrons
physicists had to invent a new mechanics
known as quantum mechanics. Once this
was worked out, it became possible to
understand all the properties of atoms
as a whole—their sizes, their chemical
behavior, the light they emit, and so
on—in terms of the motions of the elec-

fact: whereas the density of the flufly
outer structure of atoms varies greatly
from one kind of atom to another, all
nuclei have a uniform density (about
100 trillion times that of water). Thus
the total volume of an atom, insofar as
its volume can be defined at all, is not
necessarily proportional to its weight, a
circumstance which makes some sub-
stances denser than others. But the vol-
ume of a nucleus is very nearly propor-
tional to its weight, just as a piece of
iron 10 times as heavy as another is also
10 times as large in volume.

This resemblance of nuclei to the mat-



Quantum Chromodynamcs Atomic nuclel and nucleonic matter
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Nuclear forces: very complicated problem to derive in terms of quarks and gluons

N Cartoon of the exchange of a pion (OPE)
between two nucleons in the quark picture

OPE: describes the long range part of
nuclear forces (r = 2 fm) to describe the net
attraction to form bound nuclei

Meson exchange theory: introduced by
Yukawa in 1935; in 1947 discovery of a
massive particle called pion




Lattice Quantum Chromodynamics Atomic nuclei and nucleonic matter
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The microscopic model of nuclear theory

Goal: develop a predictive understanding of nuclei in terms of the interactions between
individual nucleons and external probes

Nucleon-nucleon (NN) and 3N scattering data: “thousands” of experimental data available

Spectra, properties, and transition of nuclei: BE, radii, magnetic moments, beta decays rates,
weak/radiative captures, electroweak form factors, etc,...

Nucleonic matter equation of state: for ex. EOS neutron matter

Disentangle new physics from nuclear effects: for ex. Ovff, BSM with f-decay, EDMs, v — A
xsec, etc,..



The microscopic model of nuclear theory
o What we need?

A 5 A A
Two and many-body interactions: H = > o Z Vii + | Z Viie + ...
1=1 z<j=1 z<]<k:1
A
Electroweak current operators: jEW Z]z Z Jij + Z Jijk + -
=1 1<g=1 1<g<k=1

Ab-initio methods: solve the nuclear many-body problem
160

Ab Imitio Explosion
® DBefore
O After

» Improved and novel many-body frameworks

120

» Increased computational resources

S0 F
» Nuclear interactions and currents based on EFTs

Mass Number A

40
» Theoretical uncertainty quantification

0 L ! !
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Year

Credit to Dr. Heiko Hergert for collecting the data



What do we know about the nuclear force?

Our understanding of the nuclear force is based on three types of experimental information:

» Results of NN (particularly proton-proton and proton-neutron) scattering experiments
which give us information about the two-body potential. Some of these experiments are
conducted with spin-polarized projectiles/targets.

» Nuclear binding energies and masses, especially for light nuclei.

» Nuclear structure information, such as spins, parities, magnetic and quadrupole moments,
especially for light nuclei.



The nucleon-nucleon scattering

h2
® The Schrodinger equation is given by: > V2w + Vi = Ey
U

e ikr

e For elastic scattering at long range (V = 0): W ~ e + f(0, ¢)

/ BN

incident plane v scattered
wave scattering spherical wave
amplitude
. . . | do 2 do
® The differential and total cross sections are given by: — = |£(8, ¢@)| o= |dQ—-
dS 7/ 9)
o0
e A partial wave expansion is often used: w(r,0) = Z a,Y,,(0)R/(k, r)
=0

1 1
e When V(r) = O (free scattering):  R/(k,r) = jk,r) = k—sin(kr - 5171’)
r



e For elastic scattering from V(r > a) — 0 the asymptotic wave function can vary by an amount 0, — the phase shift:

1 1
R/(k,r = c0) = —sin(kr — —lz + &)
kr 2

o If 9, > 0, the node in sin( ... ) is reached at smaller r and the wave is “sucked in” indicating an attractive interaction. If

0; < 0, the wave is “pushed out” implying net repulsion.
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e With a complete set of 0, we can calculate cross sections:

V21 + 1e"!sind; Yo (6)

]2

1(0) = L2

[

|
=

;- / FO)FAR = 13721+ Dsin®s

1=0
e Other observables include polarizations, analyzing powers, spin correlation parameters, all of which have specific expressions
in terms of o,

e At low energy (< 1 MeV, [ = 0) the cross section is expressed in terms of the scattering length a and effective range r:

kcotdo (k) = clz | ;rkz
sin?dg

. 2
]112% o=4ma” =4 13

® Things are somewhat more complicated when long-range Coulomb potentials are included.



Allowed NN scattering states

e \Wave function for two nucleons must be antisymmetric in space & spin & isospin

e The allowed partial waves in spectroscopic notation 2S“Lj

L =even (+) S=1 (+)T=0 (=) : >S1-°D1,° D5, > D3->G3, ...
S=0(—)T=1(+): 'Sy, D2, G4, ...
L=o0dd(—)S=1 (+)T=1(+):°Py,>P,,°P,-°F>,°F53, ...
S=0(—)T=0(—):"'P;, F3, ...

e Note that J is a conserved quantum number but L is not — different partial waves can be mixed by the tensor force
inS = 1 states,i.e., L=J—1 L =J+ 1. For coupled-channels, the scattering matrix encodes this information as:

e2oL=J-1 cos(2¢ey) jedL=711T0L=7+1 sin(2¢ey)

je’L=T-1T0L=J+1gin(2¢ ;) e?"°L=J+1c0s(2¢ 1)

g —

characterized by two phases 0;_;_; and 0;_;, and mixing angle parameter €;



Partial wave analysis: Nijmegen database

Data selection in the 1993 Niyymegen PWA from all pp [Bergervoet, et al., PRC 41, 1435 (1990)]
and np [Stoks, et al., PRC 48,792 (1993)] elastic scattering data with F;,, < 350 MeV published

between 1955 and 1992:

pp np
observables 1947 3298
rejected in 3o test —291 —932
remainder (groups) 1656  (215) 2366  (211)
normalizations (floated) +131  (22) +148  (16)
total data to fit 1787 2514

Post 1992 data have increased the *“‘accepted” database to 2932 pp [Machleidt, PRC 63, 024001 (2000)]
and 3788 np [Gross & Stadler, PRC 78, 014005 (2008)] data.

Usetul up-to-date resources include:
the SAID program from http://gwdac.phys.gwu.edu/
and NN-OnLine from http://nn-online.org/



The analysis includes data within the years 1950 to 2013.

More than 7800 elastic scattering data

Usual Nijmegen 3o criterion (1677 rejected data)
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http://www.ugr.es/~amaro/nndatabase/

Empirical features of the nuclear force

What do binding energies and phase shifts tell us about the nuclear force?

1. Nuclear force has a finite range:

“Saturation”: Nuclei A > 4 show saturation. Binding energy of light nuclei increase rapidly as the number of
pairs increase, but stabilize in larger nuclei at ~ 8 MeV/nucleon (force range is about the size of the a or 2 fm)

10

16
8 O 56 120 S
50 20

ke

Binding energy per nucleon (MeV)

o) 50 100 150 200 250
Number of nucleons, A (mass number)



2. NN force has an attractive long-range component (r=z 2 fm):
» Net attraction necessary to form bound nuclei. Yukawa (1935) suggested that it could be modeled by the
exchange of a massive particle (one-pion exchange OPEP)

: Ck  k A A
" " Vi (k) = gin]iév (Olk;z J)F(Z; )71'72 Si2 =301 -T02T — 0102
7T T
f2 ma 3 3 e M Am 4
N N VW(T) — A 3 [01 - 02 + (1 | o | /LQTQ)SlQ] LT 'u35 (7“)0'1 092 0 T1 * T2

> S-wave phase shifts are positive (0,_q > 0) for E,,;< 250 MeV.
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3. Nuclear force has a repulsive core

S-wave phase shifts are negative (0,_o < 0) for £, ;> 250 MeV, while D-wave phase shift remains positive to

much larger energy. Can be understood as repulsive core of short range seen by S-wave, but masked by angular
momentum barrier in D-wave. Simple classical argument gives the core radius ~0.6 fm.

4. NN force depends on spins and isospins of the nucleons:
5=0,1 and T=0,1 possibilities. Phase shifts vary greatly among the four possible S=0, 1 and T =0, 1 combinations.
Only the combination S=1 and T=0 has a weakly bound state of np, deuteron.

phase shift (Radian)

0

1.0¢+

0.75 3o
Sl Spin triplet, S=1 -
Isospin singlet, T=0 Notation:

25+1
Ly

0.50
1
50

Spin singlet, S=0
Isospin triplet, T=1

0.25

l t }
0 100 200 300 400

Energy (MeV)

—



5. NN force has a tensor component: the tensor operator S1o =301 - T0O9 T — 0 - 09

can can mix states of different orbital angular momentum, L=J-1and L=J + 1. The deuteron is predominantly an
S-state, but it has magnetic and quadrupole moments that indicate it is not spherical, but has a D-state admixture.

B =-2.2224575(9) MeV
J+=1+

L=0,2

Q = 0.2859(3) fm?

6. NN force has a spin-orbit component: Nuclear spectra show evidence for an effective spin-orbit component L - S

Deuteron:

which is very important in determining which nuclei are most stable. 3P0,1,2 phase shifts cannot be explained by

central and tensor forces alone.

I : I ‘ I

_-—'-_-_-__-_
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-20
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7. NN force has quadratic dependence in momentum: higher partial wave phase shifts for given S, T are not fit well by the
same potential for the corresponding lowest phase shifts (S- P- and D-waves). This indicates the needs for terms

quadratic in momentum such as (L - S)2 and L?

8. Isospin symmetry breaking: After correcting for the electromagnetic interaction, the forces between nucleons (pp, nn,
or np) in the same state are almost the same.

e “Almost the same”: isospin is slightly broken.
- Equality between the pp and nn forces: Charge symmetry.
- Equality between pp/nn force and np force: Charge independence.

Charge-symmetry breaking (CSB): ag) =—173x£041m a}% = —18.8+0.5fm

Charge-independence breaking (CIB):  ay, = —23.74 £ 0.02 fm

9. There are many-nucleon forces: the NN potential does not give adequate description of nuclei A = 3. Since nucleons are
composite objects with low-lying excitation spectra we expect many-nucleon forces such as:




Phenomenological approach

e Use the general form of a potential allowed by the symmetries:

- Translation invariance

- Galilean invariance

- Rotation invariance

- Space reflection invariance

- Time reversal invariance

- Invariance under the interchange of particle 1 and 2
- Isospin symmetry

- Hermiticity

e Most general two-body potential under those symmetries: (Okubo and Marshak, Ann. Phys. 4, 166 (1958))
Viw=Voir)+V.o6,-6,+Vr - -7,+V_ o6, -06,T 7T, central Examples:

e Gammel-Thaler potential ( Phys. Rev. 107, 291, 1339

V30 4 Vi3t - 7, tensor (1957)), hard-core.

TV AL-SY+V (L -S4 - 7. spin-orbit e Hamada-Johnston potential (Nucl. Phys. 34, 382 (1962)),
LS( ) LST( ) 1T 5P nard core.
+VQQ12 + VQTQIZTI * Ty quadratic spin-orbit e Reid potential (Ann. Phys. (N.Y.) 50, 411 (1968)), soft core.

e Argonne V14 potential (Wiringa et al., Phys. Rev. C 29, 1207
+Vpp(r)(o) - p)(o, - P) + Vpp ()6, - p)(6, - P)T; - T, p-dependent  (1984)), uses 14 operators.
e Argonne V18 potential (Wiringa et al., Phys. Rev. C51, 38

(1995)), uses 18 operators.
512 — 30-2 ‘T 6y T — r20'1 - 0, 0O, =1/2{(6; L), L)+ (6, L), - L)}



Phenomenological nucleon-nucleon AV18

® [t is a r-space potential expressed as a sum of EM and OPE terms and phenomenological intermediate- and short-
range parts:

vi;: pp,pn & nn electromagnetic terms
Argonne vis vij ~ [Ya(rij)oi - 0 + Tr(rij)Se] @ 7i - 7
Vij = v, + v + vl + v Uy (75
J J J ; Z p( J) Uz‘Ij _ Zp IPT? (Tij)O?j

()

S Zp PP 4+ QPr + RPTQ]W(T)O%

e Minimum of eight different potential terms needed to fit S- and P- wave data: four for different S, T combinations,
plus two tensor and two spin-orbit terms in S = 1 states for different T.

) — USA
O} % =11, 0505, Sij, L-S] @1, 7i - 7] Sj=36;-r06;-1~170;"0, ‘gonne il |27

v, ¢ 3

® To fit higher partial waves, momentum-dependent terms are needed, e.g., g'ﬁg
SLghr 5

p=9,14 _ 72 12 _ | 2 o 0 =

O’LJ o [L 9 L 0-1, . 0-,77 (L . S) ] @ [17 T’L * T]] for ull vour potential needs! 8: 1 §

L ' O

b Dl

® Add electromagnetic and small isospin-breaking terms:

=15,22
O?j [1 O 0y, SZJ) L S]®[ ’LJ?TZZ_I_TZJ] 7:7=3TiZTjZ—Ti°Tj
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e The AV18 model uses 42
1P, PP, OF, RP parameters, one
cutoff parameterin Y (r), T (r).

e These parameters have been fix
by fitting the Nijmegen database
of ~4300 np and pp scattering
data for Ejap < 350 MeV with a

total y2 = 1 plus nn scattering

length and deuteron binding
energy.



Phenomenological three-nucleon potentials: Urbana-lllinois

* 3N Urbana-Illlinois (UIX-IL7): an Hamiltonian which only includes AV18 does not provide enough
binding in the light nuclei. In light nuclei we find [thanks to large cancellations between (T') and

W)l : (Vi) ~ (0.02 = 0.07){v;}) ~ (0.2 — 0.5)(H)

Urbana: J. Carlson et al. NP A401, 59 (1983)
contains the attractive Fujita and Miyazawa two-pion exchange interaction and a phenomenological

repulsive term

2 independent parameters controlled by H binding energy & saturation density of symmetric nuclear
matter. Good description for s-shell nuclei (A=3,4) and neutron stars; inadequate description of the
absolute p-shell and spin-orbit splitting of heavier nuclei




lllinois: S. Pieper et al. PRC 64, 014001 (2001)
also includes terms originating from three-pion rings containing one or two As and the two-pion S-wave

contribution. This interaction is attractive in nnn triplets with T'= 3/2 and provides extra attraction
observed in neutron rich nuclei.

Urbana + o IA

5 independent parameters controlled by ground-state energies of A < 10. Good description for light
nuclei up to A=12; inadequate description of the neutron star matter equation of state.




GFMC calculations of the spectra of light-nuclei using

Phenomenological potentials & QMC

AV18 without and with UIX or IL7
20
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to understand properties of neutrons stars
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- Very good description of several nuclear observables: ex. GFMC binding energies up to
A=12 with AV18+IL7 (GFMC energies: uncertainties within 1-2%)

- Phenomenological interactions are phenomenological, not clear how to improve their quality
- They do not provide rigorous schemes to consistently derive NN and 3N forces and compatible

electroweak currents




Chiral effective field theory: the framework in a nutshell

S. Weinberg, Phys. Lett. B251, 288 (1990); Nucl.

QCD

Symmetries in particular the

approximate chiral symmetry
between hadronic d.o.f (&, N, A)

Phys. B363, 3 (1991); Phys. Lett B295, 114 (1992)

Approximate chiral symmetry requires
the pion to couple to other pions and to
baryons by powers of its momentum

Lopp =L 40402 4

Effective chiral Lagrangian L ¢ (7, N, A) Given a power counting scheme

Calculate amplitudes+prescription to obtain
potentials + regularization (of high momentum
components)

,C(n> N Q N~ 100 MeV soft scale
AX - ~ 1 GeV hard scale

Nuclear forces and currents

Few- and man

v-body

methods: QMC, NCSM, ’

CC, etc

Nuclear structure and dynamics




e The £ can be constructed in a straightforward way using covariantly transforming building

blocks defined in terms of the pion fields.
e A non-relativistic treatment of the nucleon fields is used: heavy-baryon formalism to eliminate the

nucleon mass m from the leading-order Lagrangian.
e The individual terms in the £ are multiplied by the corresponding coupling constants (low-

energy constants, LECs): not fixed by the symmetry and typically need to be determined from
experimental data.

e For instance the nuclear potentials at fifth order in the chiral expansion, i.e., at N4LO, require input
from the following effective Lagrangians:

,,,,,

+°<Z](\9])\7(CS’ CT) T g](\%]il(cl 7) T g](\éfl-]{](Dl 12) + g(l) (D)+...

,,,,,,,,,, aNN
(0) (2)
+ £ NNN(E )+ &L NNN(EI

Epelbaum, Krebs, Patrick, Frontiers in Physics, 8 (2020)



Chiral perturbation theory for nuclear potentials

Different ways to derive nuclear potentials using chiral perturbation theory— for example:

e The method, referred to as the unitary transformation (UT) method, is based on TOPT and
exploits the Okubo (unitary) transformation, one containing only pure nucleonic states and the
other involving states that retain at least one pion (Bochum-Bonn group) [see Epelbaum at al.

Nucl. Phys. A 671, 295 (2000); Nucl. Phys. A 714,535 (2003); Nucl. Phys. A 747, 362 (2005);
Epelbaum, Krebs, Patrick, Frontiers in Physics, 8 (2020) and references therein].

e The JLab-Pisa group utilizes a different approach by starting with the on-shell transfer matrix T and
“inverting” it to obtain the effective potential. This is carried out in perturbation theory by counting

the nucleon mass viam ~ A, [see Pastore et al. Phys. Rev. C 80, 034004 (2009), Phys. Rev. C 84,

024001 (2011); Piarulli et al. Phys. Rev. C 87, 014006 (2013), Baroni at al. Phys. Rev. C93, 015501
(2016) ].



JLab-Pisa formalism: transition Amplitude in TOPT

1. Nucleon-nucleon potential: (NN — NN)

® Degrees of freedom: non-relativistic N’s and A’s, relativistic rt’s

® Time-ordered perturbation theory (TOPT)

I AT - I NT/ - 1 nd
(N'N'IT|NN) = (N'N'|Hy ) —H,) |NN)

/ — Eiﬁlﬂ)*‘m

H; = interaction Hamiltonians among i, N,

and A implied by Z'cf; H, = free i, N, and A Hamiltonians
® The evaluation of this amplitude is carried out in practice by inserting complete sets of H,, eigenstates,

Z | 1.)(I.|, between successive terms of H,

1
Ty = H Hi|LL) T 1 H i
(fIT|2) (f1H1l7) -|-E (f|Hy|11) Ei—E1—|—i77<1‘ 10
JFZ |H1|]2 : — (3| H1|1h) : — (I |Hq|i) + ...
— Ea +n by — B+

[17[2



JLab-Pisa formalism: transition Amplitude in TOPT

e Two kinds of diagrams: reducible and irreducible P _
e N vertices represented by (/;| H, |I}) —
S B -
e N-1 energy denominators (E, — E, + in L k=1,.,(N—1)
» N denominators involving only nucleonic energies scales as Q_2 Irreducible Reducible

» N-N¢-1 denominators involving nucleons, it'’s, and A’s energies
K

e A contribution with N interaction vertices and L loops scales as

N
", — HQai—ﬁi/Z < Q—(N—NK—l)Q—ZNK > QSL
1=1

H, scaling denominators loop integration



JLab-Pisa formalism: transition Amplitude in TOPT

e A N-N,-1 denominators can be further expanded:

1 1 | Ez‘—E]. (E’i—E[j)Q

= = —— |1 =
EZ—EJ—FZ?] Ei—E[j—Q—I—iﬁ Q_ QQ

»EI]_: kinetic energies of intermediate states (2N or 1N+1A or 2A)

> Q) = w, (if one or more pion are involved)

() = w,_, + A (if one or more pion are involved and a A ), etc...

N\

A =ma —my ~ 300 MeV ~ 2m.

e The expansion in power of Q is: Q @ Q 4 Q2 4o ]
static limit my, my — ©0 non-static corrections

® |n chiral-expansion 7-matrix can be expanded as:

T=T794+7W 4+ 7@ 1 with 7T ~ Q"



Few remarks about this prescription!

1. Reducible diagrams are enhanced compared to the irreducible ones by a factor Q for each purely nucleonic
intermediate states.

2. In the static limit, these contributions are infrared-divergent (since reducible diagrams involve nucleonic kinetic
energy denominators which lead to infinities for m,, — 0).

3. According to the prescription proposed by Weinberg the nuclear potentials (and current operators) are given by
the irreducible contributions only.

4. Reducible contributions, instead, are generated by solving the Lippmann-Schwinger (or Schrodinger) equation
iteratively with the nuclear potential (and currents) arising from the irreducible amplitudes.

5. The reducible part of the amplitude which is not generated by iteration (i.e. the one that is obtained going beyond
the static limit) needs to be incorporated order by order—along with the irreducible amplitude— in the definition of

the nuclear operators.



From amplitudes to potentials

e Construct potential v such that when inserted in Lippmann-Schwinger (LS) equation

v+ vGov + vGovGou + ... G, = two-nucleon propagator (Q ™)

leads to T-matrix order by order in the power counting Go = 1/(E; + Er + in)

. Assume: v = v M 4@ 4 (with v ~ O")

» Matching expansion for 1" with the LS equation order by order:

0 —  (0)
oD (1) _ '7,(0)@0@(0)}

22— 2 _ 'v<o>gov<o>GOv<o>} _ [Umgov(m v<o>GOv<1>}

w3 = TG _ _’U(O)GOU(O)GOU(O)GOU(O)] — {v(l)va(O)GofU(O) —I—permutations}

_[vu)GOv(l)} _ [U<2>Gov<1> +U<0>G0f0<2>}

. Aterm like V™G v ~ QM



™ up to order m=1

e Time-ordered diagrams contributing to the xEFT T-matrix up to order Q1

7(0)

e V(0 = TO) consists of (static) OPE and contact terms (LO)

o v(D = 7D _

vOGy©

vanishes



2. EM Charge/Current operators (NNy — NN)

e Similar prescription for potential v, = A”Jﬂ — AOp —A-J

® Power counting of the EM interaction (treated in first order) T7 — T7(_3) 4+ T§_2) 4+ Tv(_l)
e In the context of LS: v, = v}f_3) + v}f_z) + v}f_l) + ..

e Matching expansion for 1" with the LS equation order by order:

o Y

v = 1 0 Geu @+ 0@ Gouy Y

ol = Vol 6y © GOU(O)+permutations]
- 0y G+ 00 Gyuy ™|

-—_ e —_—_——————_—_—_—_—_— —_
LS terms

e Charge and current operators up to one loop (e(Q) consistent with v at Q2



Some technical issues:

e Ultraviolet divergencies (UV) associated with nuclear and electromagnetic loop diagrams: one way
is to remove them via dimensional regularization (DR) and the divergent part of these loops are
absorbed in the redefinition of the relevant LECs

® Resulting renormalized operators have power-law behavior for large momenta: one way is to further
regularization needs to be employed before these operators can be for solving Schrodinger equation

and for calculation of current matrix elements, cutoff functions C, where the cutoff A must not be set

to arbitrarily high values but should be kept of the order of the breakdown scale A ~ A,.



State-of-the art of Chiral EFT interactions

(Additional In Afull Aless Additional in A-full Advantages:
= ma —mpy ~ eV ~ ZMy A =ma—mpy ~ eV ~ 2m . . .
M= o Consistent description of two- and many-

body interactions and currents
et s e Different processes described on the same
l Mlu ]uwu L u WM footing: piN, NN, electroweak

N :_a& . . .
| 5 (K)rrneta't o /mzawa 57 wnkolekos; @ UQ due to the truncation in the chiral
Kaiser et al/97 Epelbaum’08 ]

Entem & Machleidt “02

; ), ﬂ ] l | + | expansion
NNLO + +1 e TN e Scheme can be systematically improved
(Q/A)? L H l | >< >K
Kaiser et al’97 U. van Kolck ’94; Epelbaum et al;02; EPelbaum etal.“08 . .
(rebs et aI+O7 Nogga et al.’05; Navratil et al.'07 D|Sadva ntagES.
Lo @ 111 ’] o . H>< ]HHMH * Increase in number of diagrams at higher
(Q/A,)" l g H uM - ]>< orders; When do we stop in the chiral
Ka,ser OO ‘01*0 . ser /15 ernard at Bk o ,OVEpe.baumetal,og expansion? Convergence, power counting,
Entem ‘
N4LO *_{* . “/\4// EtC....
(Q/A))° | e Consistency between strong- and electrowea
et al’15, Epelbaum et al.”15 ]
+l sector very hard to achieve
N°LO T : :
(Q/A, )0 PR * More LECs appearing at higher orders;

PN . .

. .

4 N Sone,’

’ S

’ L0

(3 7 REA NN
N _ ’ > I

‘ N LN

Entem et al.’15

N challenging optimization problem



LECs appear in different low energy processes

piN scattering NN interaction 3N interaction

>0

Scattering observables: piN, NN, NNN..

Second Challenge: What is the best fitting procedure?

“Traditional” approach: separate fits

How to fix the LECs?

First Challenge: What experimental data should we use to find the LECs?

piN g ¥
NN &> <0

Light nuclei, A=2,3,4

-

X=X

3N Interaction EW interaction

Static and dynamic
properties of bound states

A “more modern” approach: simultaneous fits
piN <
NN @@
Light nuclei, A=2,3,4 0

Heavier nuclei: A>12 Q

Computationally a very challenging problem!




Optimization procedure for the LECs

Third Challenge: Minimize a objective function to find a* (LECs) in the parameter space

Least-square objective function for a set of observables

O; : measured values
Ndata

1t 2
* : 2 | 2 0; — 1y (a) . : calculated values
a = miny (a) with X (a) — E ( ’ .
a 1 00; 00, uncertainty observables
“Conventional” least-square minimization: Bayesian parameter estimation:
» Take 0, to be the experimental error (or pr(a|Data, I) o pr(Datala, I) x pr(al/)
same modification to take into account posterior likelihood prior
theoretical errors) x e~ X (8)/2 o |
» Many optimization techniques suitable * Particularly well suited for (any) EFT, bu' <, | sl |~
for this problem such as POUNDers, generally suited for theory errors B e i
Newtons Methods,.... « Assumptions are made explicit (e.g. naturalness
» UQ addressed as: Covariance methods, of LECs, truncation errors)
Bootstrapping, standard protocols for  Parameter estimation: conventional
chiral truncation errors, cutoff optimization recovered as special case
dependence

* Clear prescriptions for combining errors

» over/under-fitting, parameter ,.. BUQEYE collaboration

BAND collaboration



https://bandframework.github.io/#:~:text=The%20Bayesian%20Analysis%20of%20Nuclear,predictions%20of%20any%20individual%20model.
https://buqeye.github.io/

Chiral NN potentials: some recent developments

e Optimized N2LO NN potential (rtN LECs are tuned to NN peripheral scattering): Ekstrom et al. (PRL 110, 192502 2013;
JPG 42, 034003 2015)

e N2LO potential: a simultaneous fit of NN and 3N forces to low NN data (Ei.b=35 MeV), deuteron BE, BE and CR of
hydrogen, helium, carbon and oxygen isotopes; Carlsson et al. (PRC 91, 051301(R) 2015)

e New generation of chiral NN potentials up to N4LO: improved choice of the regulator, no SFR; Epelbaum et al. (PRL.
112, 102501, 2014; EPJ A 51, 53 2015, PRL. 115, 122301, 2015)

e Chiral 2t and 3t exchange up to N4LO and up to N5LO in NN peripheral scattering; Entem et al. (PRC 91, 014002
2015; PRC 92, 064001 2015, PRC 96, 024004 (2017)

e High-Precision Nucleon-Nucleon Potentials from Chiral EFT; Reinert, Krebs, Epelbaum (Springer Proc. Phys. 238
497-501 (2020)

NOTE: - Many of the available versions of chiral potentials are formulated in p-space and are strongly nonlocal:

Nonlocalities due to contact interactions i D — —iV
Nonlocalities due to regulator functions

- Nonlocal interactions hard to handle in for example Quantum Monte Carlo (QMC) methods

e Local NN potentials up to N2LO: Gezerlis et al. (PRL 111, 032501 2013, PRC 90, 054323 2014); Lynn et al. (PRL 113
192501, 2014)

e Minimally nonlocal NN potentials up to N3LO (including N2LO A contributions); Piarulli et al. (PRC 91, 024003 2015)

e Local chiral potential with A-intermediate states up to N3LO; Piarulli et al. (PRC 94, 054007 2016)



16 spin-isospin operators (NV2s— Norfolk interactions)

Example: Local chiral NN Hamiltonian with A’s

e Local NN potentials including N2LO A-contributions and N3LO contacts have ben also devised and expressed as a sum of

. — ,EM L S Pl \OP
Vij = Vij T U5 + V55 = E WP (riy)OF,
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e Contact component parametrized by 26 LECs:

- the functional form taken as CRS(r) o e~ Rs) with R, = 0.8(0.7) fm a (b) models

- models a (b) cutoff~500 MeV (600 MeV) in p-space

model order  Fra, (MeV) Nypinp, x°/datum
NV2-Ia N3LO 0-125 2608 1.05
NV2-Ib N3LO 0-125 20665 1.07
NV2-IIa N3LO 0-200 3098 1.37
NV2-IIb N3LO 0-200 3095 1.37
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Fitting procedure for the A-full local chiral interactions

e We first fit the partial wave phase shifts then we refine the fit with a direct comparison with the database: good
starting point for Practical Optimization Using No Derivatives (for Squares), POUNDers.

N
Given N data sets associated with a specific experiment: [x* = Z X?
t=1

An experiment may have a specific systematic error (normalized data), no systematic error (absolute data), or a
arbitrary systematic error (floated data)

- (07—t (1-1/%)°
In all cases y? is given by 2 _ (0i/Z¢ — t |
| . Z (50z'/Zt)2 (5sys/Zt)2

1=1

0; and t; are the measured and calculated values of the observable at point ¢
00; and Ogys are the statistical and systematic errors
Z,; is a scaling factor chosen to minimize the x?

7 - Oiti | 1 = t% | 1
C\ 0?82, — 002 ' 82,




Example: Local chiral NNN Hamiltonian with A’s

: , Y/ 27 CT
e Inclusion of 3N forces at N2LO: Vz‘jk — V,L-jk -4 V;jk | -t >< ><
@~ 7i T

1) Fit to: Eo(*H)=-8.482 MeV 2) Fitto: Eo(*H)=-8.482 MeV

20 = (0.645 + 0.010) fm GT m.e. in 3H f-decay

Model CD CE

[a* | —0.635(255) ~0.09(8)

M‘I);el 362% 16?; NV2+3s* Ib* | —4.705(285)  0.550(150)

- b [Ta* | —0.610(280) —0.350(100)

Ma | 1.278 —1.029

b | 4.480 —0.412 S
_ gA Mz . moy % &
K/O 2 f2 (M Rs)3 [ 4ga AX.+ 3 ) + 6m]

1_ llllllll | ISR SBLJLINL I INLUNL L N L LN L L L LB L L L L LB 1-06_|| T T T T |III|IIII|IIII|IIUII|IIII|IIII|II_
_ i —— linear fit: f(cD)=1.OO651+0.0102375 Cpy Xz/datum=0.999953
05 *—e Fit to B H)=8.475 MeV 105 E

: oo Fitto and=0.645 fm N ¢
' 1.04 —
(o - - [ 3
g 103 = ¢,=1-0.89; -0.38] E
05F — - =[-0.01;-0.17] *
- - o 1021 cg=1-0.01:-0. =
g -1 —:
15 -
2f -
25 —~
3|1|1||1||||1||||1||||||[|1|1[|1||||11|||11|||1||||1|1||1|1




Example: Current EM operators up to one loop (¢():
Pastore et al. PRC 78, 064002 (2008), PRC 80, 034004 (2009)

LO: eQ?
g
()
NLO: eQ " -1 ke
- >
(b) (c)
, 0
N2LO : el T e m = 0: (Q/my)* relativistic correction to LO

wo i[5 K JF BT XX e
(e) i)

e m=-2, -1, 0 and 1-loop only depend on LEC’s named £, g, and Py 5 unknown LECs

e No three-body EM currents at this order

e NLO and N3LO loop-contributions lead to purely isovector operators

o =1 satisfies continuity equation with pms2)



Example: EM Observables at N3LO fixing LECs

/ / / / / . .. . . . .
Ci5,C% g ,0g ,Aoq e Five LECs: it is convenient to introduce the dimensionless set dl.S’V:

015 — dig/A4 y dé — d;/AQ,
x A1 Clo=dV /A%, dy=dl /A2, dy = d} /A’
(7)

Fixed in A=2-3 nucleons’ sector

df and d2V from expt p, and //tS(BHé/BH) m.m.

dlv from expt ,uV(3H6/3H) m.m. and dzv/dg/ = 1/4 from Aionance-saturation

A dy dix10 dY dy A1
500 4.072 2.190 —7.981 3.458 o
600 11.38 3.231 -11.69 4.980
4:“7NA hA A2

" 9my (ma — my) Pastore et al. PRC 78, 064002 (2008), PRC 80, 034004 (2009)



